Abstract: Environmental risks connected with the release of genetically modified peas into the environment were studied in simulated field experiments. They included (1) an assessment of pollen transfer and the rate of natural outcrossing between commercial peas (Pisum sativum), (2) the incidence and behaviour of insects visiting pea flowers and their role as potential pollinators, and (3) the inventory of other insect taxa in pea crop (not related directly to pea reproduction organs). Field trials were established (2001)(2002)(2003) with two non-GM pea cultivars differing in flower colour, seed coat colour and whole plant habit that were grown in close proximity. Cv. Zekon with recessive traits served as a trap variety, cv. Arvika with dominant traits as a pollen donor. The seeds of the trap variety were completely harvested and sown each successive year (2002, 2003) to monitor the incidence of dominant traits in F 1 generation. In the case of outcrossing, dominant traits would occur already in F 1 generation. However, the occurrence of plants with dominant traits in the progeny of the trap variety was not recorded in any case during the whole experimentation period (ca 40 thousand F1 plants screened each year). Based on the obtained data we assume that the probability of outcrossing in recent commercial peas is extremely low (zero in our experiments). Among insect species visiting regularly pea flower buds/flowers (pests, pollinators) the most frequent were pea weevil (Bruchus pisorum), pea aphid (Acyrthosiphon pisum), pea thrips (Kakothrips robustus), honey-bee (Apis mellifera), bumble-bees (Bombus sp.). Bruchus pisorum is a possible candidate for pollen transfer in unopened pea flowers. A list of insect taxa occurring in pea fields was created on the basis of the four-year monitoring (2001)(2002)(2003)(2004).
As compared to soybean, which represents a model species for genetic transformation within grain legume crops and whose herbicide-tolerant and insect-resistant cultivars have recently been grown widely in the USA and Argentina (C������� 1997; G���� et al. 2001; J���� 2003) , the progress of pea transformation and transgenic line commercialisation is rather limited. The first reports on a transient expression of foreign DNA in pea tissue cultures (without plant regeneration) were published at the end of the eighties of the last century, the principal breakthrough was done in 1990, when the first fertile transgenic pea plants were obtained via Agrobacterium-mediated transformation (P�����-K������ et al. 1990) . Later the same authors confirmed the stable transfer of transgenes to two following seed generations (P�����- K���-��� et al. 1992) . During the nineties -besides the optimisation of pea transformation protocols -the first successful modifications of pea with "useful" genes (herbicide-tolerance, insect-resistance, virusresistance) were reported (S�������� et al. 1993, 1995; S���� et al. 1994; G���� et al. 1995; B��� et al. 1997; J���� et al. 1998) . Recently, this research
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resulted in a successful proof of pea insect and virus resistance in the field conditions (M����� et al. 2000; T��������-V������ et al. 2001) . Although the field testing of GM peas has been carried out at least since the end of the nineties of the last century (Australia, New Zealand, Canada), there is a lack of studies dealing with environmental risks connected with GM pea growing (P������� et al. 2002) . Hypothetically, the main risk may consist in unintended pollen transfer from GM peas to wild relatives (taxonomically related species) or commercially grown peas resulting in cross-pollination and uncontrolled transgene spreading. From this aspect, critical factors are (1) pea flower biology, i.e. mechanisms of pollination/fertilisation, (2) factors improving the probability of successful cross-pollination -here, the insects visiting pea flowers (L������ 1985; C������ et al. 1988; C������ 1992) , (3) sexual (reproductive) compatibility/incompatibility of pea with its wild relatives (C����� et al. 2003) . Finally, a special attention should be paid to other organisms, mainly insects living in pea fields which may potentially be affected by expressed transgenes. The pea is a self-fertilising, cleistogamous crop -the pollination is completed in closed flower buds (flowers open 24 h after pollination - C����� (1938) ), thus the cross-pollination mediated by honey-or pollen-collecting insects is very low (less than 1% - G������ (1980) ). Allogamy sometimes occurred under subtropical or tropical conditions (G������ 1928; H������ 1948) . In Central Europe, there are not any naturally occurring wild Pisum species/forms crossable with cultivated pea (Pisum sativum L.). These primitive and wild peas (P. fulvum, P. elatius, P. humile) occur in the Near East, Ethiopia and Central Asia in the centres of the genus Pisum evolution and domestication. All wild Pisum species/forms have a diploid chromosome number 2n = 14 and they are crossable -at least unidirectionally -with cultivated pea -the F 1 progeny is fertile or semi-sterile (B��-Z� '�� & Z����� 1973; S����� 1979; G������ & Y����� 1982; G������� & K����� 1986; E����� et al. 1991, 1996; C�������� & E����� 1993; D����� 1993; E�����-R������� & T����� 1998) . However, the majority of reported hybrids were obtained after artificial (manual) hybridisation, sometimes with the use of another wild Pisum form as a bridging cross (W���� 1998) . The wild forms do not usually survive in climatic conditions of Central or Western Europe in the case of occasional introgression. In contrast, there is an evidence in the literature on a certain extent of natural cross-pollination within cultivated peas (G������ 1928; H������ 1948; O������� 1963; L������ 1983, 1984, 1985; G������ 1980; G������� et al. 1991 G������ (1969) tried to cross some of the genera of the tribe Vicieae with Pisum. The intergeneric crosses involved Cicer arietinum, Lathyrus aphaca, L. sativus, L. cicera, L. ochrus, L. inconspicuus, L. cholranthus, L. hirsutus, L. annus, L. clymenum, L. szowitzii, L. articulatus, Vicia angustifolia, V. ervillia, V. sativa, V. faba, Lens culinaris. All pollinations included Pisum as the female component and in some cases reciprocal pollinations were made. The only pollination which resulted in any observable carpel or ovule development was P. sativum × V. faba. Later experiments led only to a few cell divisions and embryo abortion at a very early stage (G������ & W��������� 1975) . Promising results of Z�������� (1980) with in vitro pollination of Pisum sativum and Lathyrus odoratus were not followed by hybridisation attempts. Recently, heterokaryons or hybrids between Pisum and Lathyrus were reported as products of intergeneric protoplast fusion (D����� & O����� 2000) or manual crosspollination (O����� et al. 2004) .
Recently, in AGRITEC we have produced several tens of transgenic pea lines (T 1 to T 3 generations) modified by model constructs (containing reporter gene gus-int and selection marker genes nptII or bar), which are tested in laboratory and greenhouse conditions (Š������ et al. 2002, 2004, 2005) . The pea lines with resistance to virus diseases (PSbMV, PEMV) are under development. As we plan to evaluate the above-mentioned GMOs in field conditions (i.e. release into the environment according to Czech Directive 78/2004), we started research simulating potential environmental risks of GM peas in the natural conditions of the Czech Republic (D�������� et al. 2004; R������� et al. 2004) . The aim of research was (1) to estimate the extent of cross-pollination among commercial peas, (2) to assess the potential role of insect pollinators in pea pollen transfer, and (3) to monitor the spectrum of other organisms, mainly insects occurring in pea fields which may potentially be affected by expressed transgenes. Figure 1B ) and the occurrence of F1 hybrids expressing dominant genes was recorded (40 thousand F1 plants evaluated yearly). In the case of cross-pollination, dominant traits should be expressed already in F 1 generation.
MATERIAL AND METHODS

Assessment
Monitoring of insects visiting and damaging pea flower buds/flowers. During the vegetation, the incidence of potential insect pollinators was monitored by four methodological approaches: beating down, sweeping, glue strips and direct counts of individuals per certain unit (e.g. one plant; one inflorescence, one flower, etc.). Insect monitoring was carried out both in the above-men- tioned trials and in neighbouring pea fields of the same location. An emphasis was laid on pea pests damaging pea reproductive structures (Bruchus pisorum, Coleoptera, Chrysomelidae; Acyrthosiphon pisum, Homoptera, Aphididae; Kakothrips robustus, Thysanoptera, Thripidae). Inventory of other insects occurring in pea crop. The occurrence of the insect taxa was monitored in 2001-2004: firstly, insect pests infesting various organs of the pea plant, and secondly, insect species occurring regularly and abundantly in the crop, but without direct trophic relations to pea. The used methods of monitoring were sweeping, direct counting of individuals per certain units (e.g. one plant) and recording of injury symptoms (as a consequence of the presence of some phytophagous species) on the various parts of the pea plant.
Besides the above-described group of insects, the carabids (and other ground beetles) were monitored both in the above-mentioned trials and in neighbouring pea fields of the same location. Insects were caught in pitfall traps, plastic pots 75 mm in diameter and 8 cm in height. The pots were buried into the soil, with the rim at the soil surface. Half of the traps were equipped with safety screens as protection against rain and sunshine. A few clods of soil on the bottom of the traps provided a shelter for trapped individuals. The traps were emptied at five-day or seven-day intervals. 4-8 traps were used for monitoring during the vegetation of pea every year.
RESULTS
Assessment of cross-pollination among commercial peas in field conditions
The analysis of potential pea hybrids was carried out in 40 thousand F1 pea plants of cv. Zecon ( Figure 2 , the flowering periods of both studied cultivars in Table 1 . The existence of many complicated relationships between the development of some meteorological elements and life processes (e.g. longevity of hibernation, reproductive behaviour, activity in general, the ability for hunting for forage/prey, etc.) of many species and other taxa of insects is satisfactorily validated. A possibility of recording Bruchus pisorum imagoes and for instance many members of Homoptera on pea flowers is much higher during a warm sunny afternoon than in the course of a cold and cloudy day. The rate of reproduction of the pea aphid (Acyrthosiphon pisum) colonies is in close correlation with the pattern of mean daily temperatures (1 new generation per 10 days when mean daily temperatures reach 20°C).
Monitoring of insects visiting and damaging pea flower buds/flowers
The abundance of adult pea weevils (Bruchus pisorum, Coleoptera, Chrysomelidae) was very low in the pea trials during 2002 and 2003 although the beetles were recorded in the crop from the beginning of flowering (or already from the stage when the first flower buds have visible white petals) ( Table 2 ). The pea weevil abundance was higher in the pea trials in 2004. The first individuals were monitored at the beginning of flowering (the first buds in the lowest layer were opened or almost opened) ( Table 2 ). The first orange-yellow eggs occurred on small pods (25-30 mm) and rarely on the calyces of pods approximately 10 days after the crop infestation with imagoes. The period during which new eggs were still found on plants in the experimental locality was about 4 weeks long. In that period adult beetles changed places of feeding during the trial (several varieties). They were observed on opened flowers and also on closed flower buds. The beetles made small linear holes into the base part (calyx) of flowers. But this was observed very sporadically and on opened flowers only.
The abundance of the pea aphid (Acyrthosiphon pisum, Homoptera, Aphididae) had a quite stable pattern in [2002] [2003] [2004] . The difference in the time of recording the first females on pea plants was not more than 14 days in particular years ( Table 2 ). The invasion of viviparous winged females to the pea crop was not of mass character but it was a slow and quite continuous process. The rate of reproduction of individuals present on pea plants was of crucial importance for the resulting abundance of the aphid in the crop. The rates of population growth were only slightly different in the course of the compared seasons ( Table 2 ). The beginning of the fast growth of aphid population (the only separated colonies) coincided with the onset of flowering in [2002] [2003] [2004] . The aphid colonies are localised especially in the area of the growth apex where the flower buds at various stages of development are placed. The aphids suck from the tissues of the buds, but it does not seem to be probable, they are able to penetrate toward generative organs inside the flower buds. The aphids were not found inside the flowers until they opened. The movement of an individual seems to be minimal during its whole development, which concerns the possibility of pollen transfer from plant to plant. Additionally, the winged females were not observed inside the flowers at all.
Differences in the occurrence of Thysanoptera in the pea crop in 2002-2004 are documented in Table 2 . Kakothrips robustus was a clearly predominating species. Larvae and imagoes were present together at the time shortly before the first flow- Table 2 . However, it is obvious this group of insects is entirely attracted by fully opened flowers.
Inventory of other insects occurring in pea crop
In all years of monitoring (2001) (2002) (2003) (2004) , practically from the beginning of emergence of pea plants it was possible to observe the first indications (U-shaped notches on leaves and stipules) of the presence of Sitona beetles (Curculionidae; Coleoptera). Sitona lineatus was a dominant species of this genus. Overwintered imagoes (1 st generation) frequently cause a significant reduction of the assimilation area of pea leaves and stipules. From the begin- ning of June infested bacterial nodules with Sitona larvae were observable on the roots (the first finds of larvae on the roots usually coincided with the beginning of flowering). A majority of the infested root nodules was abandoned at the end of July. Imagoes of the 2 nd generation were recorded in the crop from the second decade of July.
In Liriomyza larvae (Agromyzidae; Diptera) were found inside leaves and stipules of some plants during all years of monitoring (2001) (2002) (2003) (2004) . Not more than 10-15% of plants were infested with the pest. The most infested were the leaves from the two bottom layers. Prevalent species were Liriomyza pisivora and L. strigata.
A list of insect taxa (other than those visiting targetly pea reproduction organs, some less important insect pests) recorded regularly in the pea crop is given in Table 3 .
DISCUSSION
The cross-pollination of cultivated peas with wild peas in Central Europe is limited due to the absence of natural occurrence of the last mentioned taxa in this region. Natural intergeneric hybrids of Pisum with other genera of cultivated grain legumes and wild relatives from the tribe Vicieae were not reported (S����� 1979) , and even experimental intergeneric hybridisation is extremely difficult and it has been only partially successful until now (G������ 1969; G������ & W��������� 1975; D����� & O����� 2000; O����� et al. 2004 ). Due to the specific reproductive biology of pea (cleistogamy), it makes a little sense to study pollen transfer from peas to wild leguminous relatives and vice versa. Thus, the environmental risks resulting from GM-pea growing and vertical transgene flow via pollen dispersal should be restricted to commercial pea germplasm. Literature data show that a certain degree of natural outcrossing within cultivated peas may be detected (G������ 1928; H������ 1948; O������� 1963; G������ 1980; L������ 1983, 1984, 1985) . It seems that the reliability of experi- 
spatial distance between the pollen donor and recipient plants, (3) climatic conditions, particularly during the flowering period, (4) incidence of possible insect pollinators. O������� (1963) found 0.98 to 2.19% cross-pollination in peas grown in the south of Brazil. The marker genes I (green cotyledons) and r (wrinkled seed cotyledons) were strongly affected by the environmental conditions at the harvest time and it was difficult to precisely identify the seed colour (due to bleaching) and seed shape. G������� et al. (1991) chose less environmentally affected marker genes (af -afila, st -reduced stipules; cvs. Mikado and Majestic -AfAfStSt, cv. Filby -afafstst) in the field experiments (Brazil) arranged as alternated rows or concentric circles. In the circular design, the rate of cross-pollination decreased with the distance of spatial isolation: 0.24% at 1 m, 0.14% at 2 m, 0.12% at 3 m. In alternated row planting with a row spacing of 1 m the cross-pollination increased to 0.80%. The only data on transgene flow from field-grown GM-peas were published by P������� et al. (2002) . The trap cvs. Montana, Carneval and Tipu exhibited the recessive traits semi-leafless (af) and absence of gusA gene, GM cv. Greenfeast had a dominant normal leaf form (Af) and was homozygous for the gusA gene. During the experimentation, a high frequency of normal leaf forms not associated with GUS activity was recorded (e.g. 10.4% in cv. Tipu) -later it was proved that commercial seed lots of cv. Tipu displayed a significant heterogeneity (both normal and semi-leafless plants included). Thus, the use of the dominant normal leaf form was considered as unreliable as a sole indicator of outcrossing. If both dominant traits were strictly taken into account, the mean frequency of outcrossing over a two-year trial was 0.07% (Montana 0.11%, Tipu 0.09%, Carneval 0%). Our results (i.e. 0% outcrossing) are more similar to those of P������� et al. (2002) as compared to those of O������� (1963) and G������� et al. (1991) . Despite of the selection of different pea varieties (and marker genes) for experiments and different designs of field trials, an important role may be played by significantly different geographic and climatic conditions (Canada and Czech Republic -temperate zone, ca 50 to 55°C latitude versus Brazil -tropical to subtropical zone, ca 0 to 30° latitude) connected with different spectra of potential insect pollinators (see below). G������ (1928) and H������ (1948) also found a higher tendency to cross-fertilisation in peas under subtropical (Afghanistan) and tropical conditions (Peru). L������ (1983) reported the frequency of cross-fertilisation 1.20-2.39% with the use of two fasciated pea lines as the trap plants -the fact that fasciated plants tend to have more flowers open at a time than normal type plants is probably a reason for higher cross-pollination (by bumble-bees) as compared to normal pea plants. The comparison of cross-fertilisation in two locations differing in the incidence of insect pollinators did not result in a dramatically higher cross-pollination rate in the insect-richer location (1.92% versus 1.20%) (L������ 1984) . Bombus species were likely the candidates for pollen transfer (L������ 1983, 1984, 1985) .
According to the Czech pea breeders (T�����; L���� -personal communications), extremely high temperatures during the flowering period may cause an outcrossing as a result of precocious flower opening, i.e. still before the self-pollination is fully accomplished. In addition, some pea cultivars tended to be more sensitive to outcrossing than others -e.g. German white-flowering fodder pea cv. Edit exhibited a higher rate of outcrossing, especially when grown in the proximity of violetflowering fodder pea. Another factor which may increase the outcrossing rate would be a pesticide treatment immediately before flowering and in the course of flowering period.
Recently, B�������� and B�������� (2000) tried to explain (in a greenhouse experiment) a possible mechanism of pea outcrossing with the use of 218 pea accessions from different parts of the world (Afghanistan, Caucasus, Balkans, Asia Minor, Ethiopia, Dnieper Basin, North Russia, Pamirs). Immediately after the flower opened, its keel was cut off and pollen from the tester pea line was applied to the stigma (already covered by its own pollen). Surprisingly high rates of outcrossing (4.4 to 28.6%) were attributed to a possibility that some ovules remained unfertilized until after the pea flower opened.
Hymenopterous insects (bees, bumble-bees) usually visit pea flowers mostly opened and thus already pollinated. The cross-pollination may be realised in this way only exceptionally via better affinity of foreign pollen to the host stigma. In contrast, cross-pollination may be caused by small pests or other insect species which visit undeveloped flowers -aphids (Acyrthosiphon pisum, Homoptera, Aphididae), thrips (Kakothrips robustus, Thysanoptera, Thripidae), and especially by the pea weevil (Bruchus pisorum, Coleoptera, Chrysomelidae). Sexually immature females of the beetle probably must feed on pollen before they can lay eggs (P���� 1981; P���� & ��� H����� 1982; C������ 1992) . However, the adults of B. pisorum also feed (and thus injure) on other parts of the pea flower, notably petals (A���� & O'K����� 1984) and female organs (gynaecium) (C������ 1992 ) and they also suck nectar (P���� 1987; C������ et al. 1988) . Both in the field and in laboratory conditions, B. pisorum individuals were observed to perforate small holes in the base of the flower calyx (1 to 2 mm in length) and to feed accumulating nectar. Thus, there is a possibility of carrying the pollen on the insect body from pea flower to pea flower. Pea weevils appear in pea fields from the beginning of the flowering period. It means that beetles come into contact with already pollinated/fertilised flowers, and also with flower buds containing ripe pollen and stigmas ready to pollination. Based on studies of mutual relations between the pea host and phytophagous insects, namely pea weevil (H���� & B����� 1991) , there exists at least a theoretical possibility of cross-pollination. The role of possible insect pollinators in natural outcrossing of peas needs further research.
The reported inventory of organisms occurring in pea fields may serve as a basis for the risk assessment procedure when GM-pea is released into the environment in climatic conditions of Central Europe.
CONCLUSION
The results of our field experiments confirmed the working hypothesis as well as some literature data that natural outcrossing in cultural peas was extremely low (zero in our experiments) in climatic conditions of the temperate zone. The factors which may influence the natural outcrossing rate hypothetically positively include the pea genotype, increased temperature during the flowering period, insect pollinators visiting unopened pea flowers and pesticide treatments just before/during the flowering period.
Thus from the aspect of pollen transfer GM-pea represents a negligible or nearly zero environmental risk in climatic conditions of Central Europe and relatively short isolation distances may enable the non-problematic coexistence of GM and non-GM pea cultivation (conventional versus ecological farming). This situation would change if genetic modifications dramatically changed flower biology and mechanisms of pollination/fertilisation in pea (morphology of reproductive structures, increased extent of allogamy).
